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Fluid coolant has been widely used for cooling, lubrication, and the removal of cutting chips in the
grinding process; however, it can generate grinding marks due to the hydrodynamic force especially in
case of a lack of the spindle stiffness. This leads to inﬂection patterns on the workpiece, with sub-mi-
crometer level of waviness, which is quite critical in rotationally symmetric ultraprecision grinding. In
this study, we propose the use of a toothed wheel which is remarkably efﬁcient in suppressing the
inﬂection pattern by minimizing the hydrodynamic pressure. A toothed wheel has a simple geometry
with a peripheral surface similar to a saw. The teeth disturb the generation of the coolant ﬂux layer and
noticeably decrease the hydrodynamic force. Furthermore, the toothed wheel increases the net grinding
force due to the tangential cutting edge.
This study simulated the hydrodynamic pressure in the grinding process and validated the ﬂat sur-
face grinding results by varying the tooth geometry. A comparison showed that the hydrodynamic force
was decreased by 20–35% and that the inﬂection pattern of the ground surface was markedly decreased
in rotational symmetric grinding.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The ultraprecision grinding process has been widely adopted to
generate mirror surfaces on hard materials such as tungsten car-
bide, SiC, and hardened steel [1]. A diamond wheel is typically
used for various hard material machining and especially for optical
applications that need a mirror surface ﬁnish, such as aspheric
lenses and glass lens molds. This process, called ultraprecision
grinding, should result in a proﬁle error that is less than half of a
wavelength (below 0.3 μmPV). To improve the surface quality,
many researchers take a fundamentally different approach such as
laser-assisted machining or magnetorheological ﬂuid machining
[2–4]. The present investigation focuses on a more effective
commercial parameter, the coolant. During the grinding process,
the coolant plays an important role in removing the thermalLtd. This is an open access article u
ng),
. Kim),
ee).energy and the grinding chips. However, the hydrodynamic force
generated by the coolant ﬂow in the grinding zone [1] causes
uncut residuals and eventually lengthens the process time. As the
hydrodynamic force increases, the total grinding force increases,
which reduces the form accuracy. Especially in symmetrical ro-
tating grinding, any wheel vibration creates repeated waves on the
workpiece.
In general, ﬁnish grinding is conducted with a sub-micrometer
level of cut depth, and Kuriyagawa et al. [5] found that the hy-
drodynamic force range is larger than the net grinding force. In the
case of aspheric surface grinding, a large number of grinding
marks called inﬂection patterns are created [6]. They deteriorate
the optical surface quality signiﬁcantly, and are hard to remove
through a polishing process. Thus, suppression of the inﬂection
pattern by decreasing the hydrodynamic pressure is considered to
be an effective measure of improving the surface quality. Until
now, several solutions have been proposed for this purpose such
as utilizing mist and a rigid wheel spindle. However, these
methods have practical limitations such as reduced cooling efﬁ-
ciency or increased wheel wear and a larger spindle body. A more
fundamental approach is needed to decrease the total cutting force
(hydrodynamic force and net grinding force).nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Conﬁguration of the grinding wheel. (a) Standard grinding wheel, (b) toothed grinding wheel.
Fig. 2. Surface proﬁle of wheel periphery and Hydrodynamic pressure simulations.
(a) Surface roughness (b) Image of wheel surface (c) Hydrodynamic pressure si-
mulations(22.5 m/s, standard wheel SD 1500, air cut, h0¼3.3 μm).
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coolant direction or nozzle type to decrease the coolant ﬂux and
the hydrodynamic force without deteriorating the cooling effect.
Kim et al. [9] simulated the texturing of repeated patterns
utilizing a structured wheel, and Tawakoli and Raiey [10] used dry
grinding with a structured wheel to decrease the cutting force and
the heat generation for ecological and commercial reasons.
Nguyen et al. [11] modiﬁed segments of the wheel periphery to
supply a coolant. Their focus was not on the hydrodynamic effects
but rather on the cooling effect. Zheng and Gao [12] also struc-
tured the wheel surface to decrease the thermal effect.
Recently, Etsion et al. [13] reported on the hydrodynamic effect
of micro dimples for decreasing the friction force from sealing and
improving the vibration accuracy for a rotational bearing shaft.
In the present research, the authors focused on how the wheel
tooth geometry as shown in Fig. 1(i.e., tooth width and number)
affects the hydrodynamic effects and the cutting force during the
grinding process. The goal was to improve the surface quality by
reducing the hydrodynamic pressure while maintaining the cool-
ant supply. The effectiveness of the toothed wheel was conﬁrmed
in an actual grinding process.2. Hydrodynamic pressure during grinding process
When protruding diamond grains of a wheel periphery come
into contact with a workpiece surface, the coolant ﬂuid generates a
thin ﬁlm between the wheel bonding material (for example, a
resin bond) and the workpiece.
The hydrodynamic pressure generated by the grinding process
occurs because of the wedge effect of this coolant ﬂuid ﬁlm [14].
The present study conducted a simulation of the hydrodynamic
pressure in the grinding process using governing equations based
on the Reynolds equation, as done in previous work [7,8,15].
In the simulation, the protruding height of the grains was used
for the minimum clearance of the wheel and workpiece [7,8].
Thus, a ten-point average roughness Rz was adopted for the
minimum clearance h0, which is appropriate for describing a
wheel surface proﬁle composed of protruding grains and a bond
material.
2.1. Simulation of hydrodynamic pressure
The coolant ﬂow is assumed to be Newtonian, incompressible,
and at a steady state with a constant viscosity. There is no slip on
the contact area, similar to the assumption of Lee et al. [7] and
other researchers [8].
Cooling water is mixed with a chemical solution at ratios of
1:20–1:50. The grinding process is isothermal since real ultra-
precision grinding occurs under the conditions of several micro-
meters per path depth of cut, several mm/min feed rate, and a
Fig. 3. Schematic drawing of the experimental setup.
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Using these experimental conditions and assumptions resulted
in the Reynolds equation, Eq. (1). This governing equation can be
simpliﬁed.
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After simplifying the Reynolds equation, nondimensionaliza-
tion is needed for the numerical simulation of the hydrodynamic
pressure. Each parameter is divided by the same dimensional
parameter, and these nondimensionalized parameters are used to
obtain a hydrodynamic pressure map using Matlab software. In
the numerical analysis, the central difference approximation was
used with boundary conditions set to atmospheric pressure.
The calculation was repeated until the sum of the pressure
error was less than 0.1% at each node. The maximum pressure in
the simulation occurred in front of the cutting position, and the
integration of the pressure force from all the nodes is the same as
the hydrodynamic lift force. The numerical process is presented in
Appendix A.
To validate the calculation, the hydrodynamic lift force after
spark-out cutting is measured and compared with the calculated
force. The deviation was less than 10% between the simulation and
measured value, as depicted in Section 3.3 (Fig. 5)Table 1
Experimental conditions.
Test piece (oriﬁce) SUS420(Fe, o0.15% C, 12.0–14.0% Cr, o1
Wheel type Resin bonded, SD1500, dia 50 mm, width
Coolant (wet) Chemical solution (Kurecut EX50 ), solu
Pressure sensor Strain gauge type (UNIK 5000, GE co.)
Oriﬁce diameter 0.35 mm
Force sensor Dynamometer (9256 series, Kistler)
Grinding machine 5-axis controlled machine (ASP01UPX, N
Balancing Under 50 nm (vibration)
Feed rate 1.5/3/6/10/20 mm/min
Wheel speed 7.85/12.04/18.58/22.50/28.78 m/s
(3000/4600/7100/8600/11,000 RPM)
Depth of cut 0/1/2/4/6㎛
Tooth type Standard, T12(1tooth 2 mm width) T22(2
T14(1tooth 4 mm width), T16(1tooth 6 m2.2. Simulation results
The effect of the clearance between the wheel and the work-
piece was examined without considering other parameters such as
vibration, heat generation, rotational vibration, wheel wear, or
workpiece plastic or elastic deformation. As a result, the numerical
approach taken has limitations.
The study focused on the wheel geometry, primarily that of the
teeth, as an input parameter. The hydrodynamic force and net
grinding force were examined as a result of decreasing the cutting
force.
As shown in Fig. 2, the measured 10-point average surface
roughness (3.3 μm Rz) was used for the minimum clearance h0.
This followed Klocke et al. [8], who assumed that the protrusion
height of the grains was the minimum clearance by neglecting the
grain size.
The pressure distribution about the grinding zone is shown in
Fig. 5, in which both the maximum pressure and the pressure
pattern are almost the same as the measured data described in
Section 3.3.3. Experiment
3.1. Experimental setup
To investigate the hydrodynamic pressure and the cutting
force, the experimental setup was prepared as shown in Fig. 3 [6].
Grinding of stainless steel (SUS420, high-carbon steel with a
minimum chromium content of 12%) by a resin bond diamond
wheel was performed by an ultraprecision machine (ASP01UPX,
Nachi-fujikoshi) with a feed resolution of 10 nm.
The pressure was measured by a thin diaphragm-type pressure
sensor (UNIK5000, GE Co.) which was connected to an oriﬁce with
a 0.35 mm diameter. The cutting force was simultaneously mea-
sured by dynamometer (9256 series, Kistler).
3.2. Pre-machining
To ensure the consistency of the experiments, after each wheel
change the wheels were trued and balanced under a 50 nm vibra-
tion. The workpiece was ﬂattened and spark-out cutting was per-
formed seven times to provide the same initial conditions. Table 1.0% Mn, o1.0% Si, o0.04% P, 40.03% S)
5 mm
tion: water¼1:20–50
achi-fujikoshi Co.)
tooth 2 mm width), T32(1tooth 2 mm width)
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Fig. 4. Convergence of cutting force during spark-out cutting. (a) Standard wheel,
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Fig. 6. Comparison of cutting force and hydrodynamic force with tooth geometry.
(a) Cutting force and hydrodynamic force with variation of teeth width (b) Cutting
force and hydrodynamic force vs. number of teeth.
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Y. Hwang et al. / International Journal of Machine Tools & Manufacture 100 (2016) 105–115108As shown in Fig. 4, the converged cutting force indicates that
the hydrodynamic force is reduced after repeated spark-out cut-
ting. Eventually, after the spark-out cutting was ﬁnished, thetoothed wheel led to a decrease in the hydrodynamic force
(pressure) to less than 50% of a standard wheel.
In Fig. 4(a) and (b), it can be seen that the hydrodynamic force
decreases slightly in the center area (distance from the center
Fig. 7. Cutting mode in wheel tooth.
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Fig. 8. Transient hydrodynamic force in wheel tooth. (a)Transient hydrodynamic
force at tooth (T22), and (b)cutting edge of tooth wheel.
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3.3. Comparison of a standard wheel and toothed wheel
The wheel speed was changed from 7.85 to 28.78 m/s, and
22.04 m/s (8600 rev/min) was chosen considering the maximum
pressure of the pressure sensor range (0.7 MPa). This value is close
to real grinding conditions.
At the given conditions, the hydrodynamic forces occurring
with the standard wheel and the 2 mm wide 2-toothed wheel
(T22) were compared. The comparison is valid since the T22 wheel
has a symmetric geometry that minimizes unbalanced vibrations.These measured forces are compared in Fig. 5 for a converged
cutting force after repeated spark-out cutting, as this reﬂects the
net hydrodynamic force. The hydrodynamic forces were re-
markably decreased at all wheel speeds (decreased 25–30%).
This investigation compared the hydrodynamic force since the
total force measured by a dynamometer was found to be more
reliable than the measured pressure (due to sensor characteristics
and pipings).
3.4. Variation in number and width of teeth
Next, the wheel geometry was examined for the effect of the
number and width of the teeth on the hydrodynamic pressure, as
plotted in Fig. 6. As the number of teeth increases, the pressure
and force decrease and rebound. At each condition, the pressure
and force were decreased over a remarkable range, but as number
of teeth increased, the total force rebounded.
For the single toothed wheel (T12; tooth width 2 mm), the hy-
drodynamic pressure and force decreased more than 30%. The
3-tooth wheel (T32) had a smaller decrease in hydrodynamic pres-
sure and force: 25% and 10%, respectively. The likely reason is that
the machining force increased as the number of teeth increased.
In Fig. 6(a), the force and pressure have similar trends. The
pressure with a toothed wheel is smaller than that of the standard
wheel by 30–20%. However, with teeth widths of 4 mm and 6 mm
(T14 and T16), the force increased beyond that of a standard wheel.
In terms of cutting efﬁciency, the T22 is desirable in that it
provides less friction and is less unbalanced during the cutting
process. However, the T12 provides the smallest hydrodynamic
pressure, as shown in Fig. 6(b).
These behaviors could be explained schematically by Fig. 7. The
toothed wheel decreases the hydrodynamic force and affects the
cutting modes (net cutting, plowing-rubbing mode) as in-
vestigated by Rabiey [16]. This means that the tooth geometry
noticeably decreases the hydrodynamic force but increases the
plowing and cutting force near the tooth boundary. This occurs
due to the release of the hydrodynamic force, which extends the
peripheral contact. In other words, there is an impact by the tooth
edge which increases the rubbing and plowing force and even-
tually increases the cutting force to some degree. This also im-
proves the surface quality as far as the waviness level.
As shown in Fig. 8(a) (T22: 2 teeth and 2 mm width), the
transient pressure and force are repeated in each tooth contact
zone with the pressure release and impact cutting. The effects of
the tooth are clearly seen. Another notable point is that the tan-
gential force is increased in the tooth contact zone. This implies
that the normal cutting force is transferred to the tangential cut-
ting force because the tooth edges act as a cutting edge in the
tangential direction, as shown in Fig. 8(b).
Additional experiments examining the depth of cut and num-
ber of teeth produced similar results.
Consequently, as the width and the number of teeth increase,
the hydrodynamic pressure decreases by 2035% comparing with
the standard wheel. This is attributed to the reduction of coolant
ﬁlm which is accompanied with the rotating wheel. In contrast,
the cutting force increases remarkably when the number of teeth
is increased over 2. It can be explained by that the increase of the
cutting edge in teeth increases the direct cutting other than nor-
mal grinding as depicted in Fig. 8. That is to say, excessive number
of teeth leads to excessive machining, which will be harmful in
ultraprecision grinding process.
From these results, the calculated cutting force and the hy-
drodynamic force with 2 μm/pass depth of cut (the total grinding
force equals the hydrodynamic force plus the net grinding force)
are plotted in Fig. 9.
Furthermore, the footprint after a single pass (i.e., the machined
0 1 2 3
0
2
4
6
8
10
12
14
16
18
Fo
rc
e 
(N
)
Number of Tooth
Total grinding force
Hydrodymaic force
Net grinding force
0 2 4 6
0
2
4
6
8
10
12
14
16
18
Fo
rc
e 
(N
)
Width of Tooth (mm)
Total grinding force
Hydrodymaic force
Net grinding force
Fig. 9. Composition of hydrodynamic force and net grinding force. (a) Total cutting force vs. number of teeth, (b) total cutting force vs. tooth width.
Fig. 10. Residual and cutting force vs. number of teeth. (a) Footprint, (b) Footprint and cutting force.
Fig. 11. Rotational symmetric grinding for glass lens mold fabrication. (a) Diamond wheel (b) Grinding of tungsten carbide mold (c) Molds for glass lens.
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Table 2
Comparison of the ground surface using a standard wheel and a toothed wheel.
Y. Hwang et al. / International Journal of Machine Tools & Manufacture 100 (2016) 105–115 111width or residuals without coolant supply after single pass grinding)
was measured and compared as depicted in Fig. 10. It can be seen in
the ﬁgure that 2 teeth with 2 mmwidth produced smaller residuals
as well as low cutting forces. Hence, in this experiment condition,
2 teeth with 2 mm width could be considered as the optimal tooth
geometry producing minimization of the hydrodynamic force with
avoiding abnormally excessive machining.4. Machining application
The effectiveness of a toothed wheel for reducing the hydro-
dynamic force was veriﬁed in a real workpiece as shown in Fig. 11.
A pipe-type resin-bond wheel with a diameter of 10 mm and two
teeth was used for grinding a tungsten carbide mold utilizing an
ultraprecision grinding machine (ASP01, Nachi-Fujikoshi co.). The
proﬁle error of the ground molds should be below 0.2 μmPV with
10 nm Ra. The results are compared in Table 2. The standard
grinding wheel produced inﬂection patterns with 0.15 μmPV and
41 nmRa. In contrast, the heights of the inﬂection patterns were
reduced and the surface proﬁle was noticeably improved to
0.04 μmPV with 4 nmRa in the case of a toothed wheel.
The simulated tool mark shown in Table 2 reﬂects a smaller
hydrodynamic force that results in a reduced wheel vibration
amplitude. The simulation includes the periodic pressure release
and the impact cutting force, which have a small phase shift. As a
result, the large inﬂection patterns are divided into smaller
roughness levels due to the cutting efﬁciency, as shown in Table 2
(b) and (c).
5. Conclusion
A toothed wheel was investigated for its ability to decrease thehydrodynamic force and therefore suppress inﬂection patterns
resulting from an ultraprecision mirror grinding process.
A simulation clariﬁed that the hydrodynamic pressure in-
creased to 0.7 MPa as the wheel approached the workpiece, which
agrees well with the experiment.
In experiments, both the hydrodynamic pressure and the force
were measured for a standard and toothed wheel by changing the
tooth geometry (number of teeth and tooth width).
From these results, it was seen that the toothed wheel
decreases the net hydrodynamic force by 50% compared with the
standard wheel. In accordance with the number and width
of teeth, the net grinding force was also decreased by 10–30%,
but it increased for some conditions as a result of the increase
in the removal volume due to the decrease in hydrodynamic force.
With rotational symmetric grinding for an aspheric lens mold
fabrication by employing a toothed wheel, the proﬁle error was
signiﬁcantly improved from 0.15 μmPV (41 nmRa) to 0.04 μmPV
(4 nmRa).
The effect of tooth geometry on the net cutting force should be
investigated in more detail in future studies.Acknowledgment
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See Figs. A.1–A.4Fig. A.1. Control volume for the Reynolds equation.
Fig. A.2. Central difference approximation.
Fig. A.3. Schematic drawing of hydrodynamic pressure generation.
Fig. A.4. Simulation of hydrodynamic pressure. (a) Peripheral direction (X axis), (b) Width direction (Y axis), and (c) Pressure distribution (XY plain).
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μ
UNomenclaturev, speed in the x y, direction h x( ) clearance between wheel and workpiece
ﬂuid viscosity h0 minimum clearance
resultant wheel speed r wheel radius
ρ
P
θ
Y. Hwang et al. / International Journal of Machine Tools & Manufacture 100 (2016) 105–115114density of coolant L width of wheel
pressure ωangular velocity
angle from cutting pointThe governing equation of hydrodynamic pressure in a control volume, shown in Eq. (A.1), can be simpliﬁed as Eq. (A.2). The clearance
his approximated as Eq. (A.3) based on the schematic geometry of the wheel and workpiece, as shown in Fig. A.1.
A.2 Nondimensionalization for numerical simulation
After simplifying the Reynolds equation, nondimensionalization is needed for a numerical simulation of the hydrodynamic pressure.
Each parameter is divided by the same dimensional parameters as Eq. (A.4). These nondimensionalized parameters are used to obtain the
hydrodynamic pressure map using Matlab software.
A.3 Central difference approximation [17]
Utilizing the nondimensionalized parameters, a numerical analysis was performed using the central difference approximation as Eqs.
(A.5) and (A.6). The node pressure Pij was calculated using the surrounding 4-point node pressure.
Central difference approximation
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A.4 Simulation example
Following simulation is performed with a wheel peripheral speed u¼22.5 m/s, minimum clearance h0¼ 3.3 μm, and a standard wheel
(5 mm width, 50 mm diameter).References
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